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Low-flow electrospray ionization is typically a purely electrostatic method, used without
supporting sheath-gas nebulization. Complex spray morphology results from a large number
of possible spray emission modes. Spray morphology may assume the optimal Taylor cone-jet
spray mode under equilibrium conditions. When coupling to nanobore gradient elution
chromatography, however, stability of the Taylor cone-jet spray mode is compromised by the
gradient of mobile phase physiochemical properties. The common spray modes for aqueous/
organic mobile phases were characterized using orthogonal (strobed illumination) transmitted
light and (continuous illumination) scattered light imaging. Correlation of image sets from
these complementary illumination methods provides the basis for spray mode identification
using qualitative and quantitative image analysis. An automated feedback-controlled electro-
spray source was developed on a computer capable of controlling electrospray potential using
an image-processing based algorithm for spray mode identification. The implementation of the
feedback loop results in a system that is both self-starting and self-tuning for a specific spray
mode or modes. Thus, changes in mobile phase composition and/or flow rate are compen-
sated in real-time and the source is maintained in the cone-jet or pulsed cone-jet spray
modes. (J Am Soc Mass Spectrom 2004, 15, 1201–1215) © 2004 American Society for Mass
SpectrometrySince the late 1980s, electrospray ionization massspectrometry (ESI-MS) has become a central toolin the life sciences. ESI-MS based methods are now
routinely applied throughout drug discovery and de-
velopment impacting both small molecule [1] and large
molecule applications, such as proteomics [2–4]. The
combination of high performance liquid chromatogra-
phy with mass spectrometry (LC-MS) has been central
to the widened scope of application and routine use [1].
Commercially available ESI-MS instruments suitable
for coupling to LC at mL/min flow rates rapidly
evolved [5] based on the original L/min implementa-
tion by Fenn and coworkers [6] and the original work of
Dole and coworkers [7]. The principal means of increas-
ing the operable ESI flow rate was with the addition of
either coaxial or cross flow sheath gas to aid in the
droplet formation suitable for ion generation and mass
analysis [8–10].
While much research and development effort was
aimed at increasing electrospray’s operable flow rate, a
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[11–14]. Early observations by Gale and Smith [11]
showed that the flow rate could be reduced to 200
nL/min without reducing the signal-to-noise (S/N)
ratio. Wilm and Mann [12, 15] demonstrated that flow
rates could be reduced another order of magnitude, to
the 10 to 20 nL/min level, with no significant reduction
in S/N. At approximately the same time, Emmet and
Caprioli [13] demonstrated exceptionally high sensitiv-
ity for peptide analysis by directly coupling nanobore
(50–100 m inside diameter) LC columns to low-flow
(100–200 nL/min) ESI. Ultra-low flow rates of less than
1 nL/min have been shown to yield significant ion
current suitable for MS [14, 16] and enable the direct
coupling of small bore (5 m) capillary electrophore-
sis, with sub-attomole sensitivity [17]. Collectively,
these various nanoliter-per-minute ESI-MS methods
have become known as nanospray.
Recent experiments suggest that operation at nano-
spray flow rates effect ionization on a fundamental
level. Ionization effects have been observed for both
off-line [18, 19] and on-line [20] nanospray methods. It
is important to note that electrostatic attraction between
mobile phase and counter-electrode is typically the sole
source of mobile phase flow for off-line nanospray [12,r Inc. Received December 8, 2003
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nanospray without the use of sheath gas. Under such
conditions, the electrostatic field is the driving force for
aerosol generation and droplet dispersion [12, 21]. This
situation is quite unlike conventional flow ESI, in which
pneumatically assisted nebulization is the initial driv-
ing force for aerosol generation and the voltage is used
to charge the droplets [22]. Both theory and experiment
have established that the aerosol droplet size generated
by non-assisted electrospray is a function of flow rate
[12, 23]. The smaller droplets generated by low-flow ESI
appear to have a high m/z with a diameter close to the
space charge limit and offer increased ionization effi-
ciency for mass spectrometry [12, 15]. Increased ioniza-
tion efficiency is in part derived from an increase in
mobile phase surface area available for population by
an analyte molecule [24–26]. Consequently, the in-
creased surface area afforded by nanospray results in
an improved tolerance to salts and significantly re-
duced ion suppression [18–20].
The physics of spray morphology is complex. Early
investigations of electrospray performed by Zeleny
demonstrated that the liquid and subsequent spray
emitting from the nozzle may take on a wide variety of
physical forms or spray modes [27, 28]. The specific
spray mode is highly dependent on the geometry of the
emitter, the strength and shape of the electric field, flow
rate, and physiochemical characteristics of the mobile
phase [22, 29–31]. These spray modes generate droplets
of differing size and charge distribution [31–33]; fur-
thermore, many spray modes exhibit pulsing character-
istics in which droplet characteristics periodically vary
[30, 34, 35]. Ten of the most commonly observed spray
modes have been defined by Jaworek [29], following on
the work of Cloupeau [22]. Perhaps the most effective
spray mode for producing droplets suitable for ESI-MS
is the cone-jet spray mode [36] in which a stable,
non-pulsating Taylor cone is formed [23, 32, 37].
A stable cone-jet spray mode is perturbed by gradi-
ent elution chromatography since mobile phase charac-
teristics such as surface tension and viscosity change
during the experiment. Compromises are often made,
such as the addition of sheath gas, or operation at
higher than optimal voltage. The cone-jet spray mode is
an equilibrium condition with a balance between op-
posing cohesive forces (i.e., surface tension) and elec-
trostatic repulsion [36], also referred to as a balance
between electrostatic and capillary pressure [22]. One
set of ESI tuning conditions (voltage, inlet distance,
flow rate etc.) is unlikely to yield a stable cone-jet spray
mode throughout the LC gradient. In theory, it would
be advantageous to control spray mode for the desir-
able cone-jet geometry throughout an LC-MS experi-
ment.
Here we demonstrate an optoelectronic system for
the implementation of a self-tuning and self-adjusting
ESI source. Optical channels of information, obtained
from both imaging (charge coupled device [CCD]) and
non-imaging (photodiode) detectors, are positioned or-thogonal to the spray axis of a nanospray emitter. These
optical channels are used to characterize the spray
mode, independent of spray- or ion-current. The imag-
ing channel uses a spray visualization system in which
an image acquisition and analysis computer determines
the spray mode through direct empirical characteriza-
tion of the spray image. This system forms the core of a
feedback loop in which a control algorithm adjusts
applied voltage so that desirable spray modes can be
obtained and maintained throughout the chromato-
graphic analysis. The non-imaging channel provides
frequency and waveform information to probe (pulsed)
spray dynamics using a laser and photodiode posi-
tioned orthogonally to both the visualization and spray
axis. This orthogonal control system is capable of re-
sponding to changes in flow rate and mobile phase
composition.
Experimental
Reagents
HPLC grade methanol, acetonitrile (ACN), formic acid,
and glacial acetic acid were obtained from Aldrich
Chemical (St. Louis, MO). HPLC Grade water was ob-
tained from Burdick and Jackson (Muskegon, MI). A
standard sample of five different angiotensin peptide
variants (Michrom Bioresources, Auburn, CA) was pre-
pared in 10 and 70% ACN with 0.1% formic acid at a
concentration of 50 nM per peptide.
Mobile Phase Delivery
Mobile phase was delivered from either a precision
syringe pump (Model PHD, Harvard Apparatus, Hol-
liston, MA) using a 50 L gastight syringe (Hamilton,
Reno, NV) or a split flow gradient HPLC pump. The
output of a binary gradient capillary HPLC (1100 Cap-
illary LC, Agilent, Wilmington, DE) was fed through a
T-based flow splitter [38] for an approximate 10:1
reduction of flow rate. The HPLC was adjustable so that
the through-tip flow rate was between 200 to 500
nL/min for 50% ACN. Mobile phase A and B were 0
and 99.9% organic (either ACN or methanol) respec-
tively, with 0.1% formic acid. The flow rate was verified
by measuring the volume of mobile phase collected at
the tip using a calibrated 5 L glass capillary (Drum-
mond Scientific, Bromall, PA) for a fixed time period.
Orthogonal Imaging System
A nanospray ESI source, model PV-300-Q (New Objec-
tive, Woburn, MA) was mounted on a 2 feet  3 feet
optical breadboard (Thorlabs, Newton, NJ). The bread-
board was mounted on SLM-1A isolation pads (New-
port, Pasadena, CA) for mechanical isolation. The nano-
spray source was configured to use 360 m o.d. fused-
silica ESI emitters (New Objective) having tip i.d.
ranging from 5 to 30 m. The ESI voltage was applied
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tive coating applied to the emitter, or through uncoated
emitters via a contact using a platinum wire micro-
electrode placed inside the side arm of a PEEK micro-
tee (P-775, Upchurch Scientific, Oak Harbor, WA). High
voltage (HV, 0–5 kV) was provided to the unit by a
model SR350 supply (Stanford Research Systems,
Sunnyvale, CA) controllable via the General Purpose
Interface Bus (GPIB) interface. A fiber optic bundle
connected to a 150W tungsten-halogen illuminator
(Model 20, Stocker and Yale, Philadelphia, PA) pro-
vided intense illumination to the area surrounding the
ESI nozzle. A CCD camera (XC-ST30, Sony Electronics,
Park Ridge, NJ) based video microscope was positioned
orthogonal to the axis of the ESI emitter. The baffled
optical tube used a 2.5 or 40 long working distance
microscope objective lens that provided a total magni-
fication of 120:1 or 480:1; total field of view was 2.5 or
0.63 mm, respectively. The illumination angle of the
fiber optic bundle was adjusted to provide maximum
dark-field contrast of the electrospray plume, typically
in the range of 135 to 145° relative to the microscope
axis.
The orthogonal spray characterization apparatus is
shown schematically in Figure 1. The output of the CCD
camera was fed to a personal computer (PC) equipped
with both a video frame capture board and GPIB
Figure 1. Schematic of the spray ainterface (National Instruments, Dallas, TX). An image
analysis and high voltage control algorithm was written
in the graphical LabView programming environment
(National Instruments). The high voltage power supply
was under the full control of the host PC via GPIB.
Strobe Imaging and Scattered Light Apparatus
Stop action images of the various periodic spray modes
were documented with a modification of the above
apparatus. During strobed image acquisition, the fiber
optic illuminator was turned off. Illumination was
provided by a bright green light emitting diode (LED)
controlled by a custom built pulse and timing circuit
capable of generating a 500 nS to 1 S wide pulse. The
phase of the pulse relative to an input trigger was
controllable from 1 S to 500 mS. The CCD video
microscope was fitted with a green bandpass filter
(Melles Griot, Irvine, CA) to eliminate unwanted back-
ground and laser illumination. To provide a trigger
signal for the strobe, the beam of a 25 mW, 670 nm
diode laser was focused to a ca. 5 m diameter spot
with an aspheric lens (Thorlabs, Newton, NJ), or to a1
m diameter spot with a 0.85 numerical aperture mi-
croscope objective lens (Olympus America, Melville,
NY). The beam was positioned to intersect the apex of
the cone-jet region of the spray. The amplified output
sis and orthogonal control system.naly
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photo-diode detector (Thorlabs, Newton, NJ), fitted
with a 670 nm interference filter (Newport, Pasadena,
CA), provided the LED strobe pulse trigger signal.
The photodiode was positioned in a far-field diffrac-
tion plane relative to the incoming beam to maximize
signal generated by scattered light from the liquid jet.
The 0.85 numerical aperture objective lens was re-
quired for reliable triggering with smaller (5 m)
emitters. The split output of the photodiode was also
fed to a 100 MHz digital oscilloscope (TDS3012B,
Tektronix, Beaverton, OR) for frequency and wave-
form analysis. Any substantial change in the photo-
diode’s output voltage, such as that caused by a
moving or pulsing jet, generates a pulse trigger to
illuminate the LED for 1 S. The pulse width of the
Figure 2. Scattered light (Column 1) and transm
s pulse) for the commonly observed spray mod
the left hand side. The applied voltage is inset in
for each sequence. The time delay (s) for strob
corner of each image. Where applicable, the perio
right hand corner of the first strobed (t  0) ima
obtained with continuous illumination since no s
15 m; the mobile phase was 50% MeOH, 1% A
Distance to the counter-electrode was 4 mm. Thstrobed LED was calibrated with the amplified pho-
todiode (filter removed) and oscilloscope.
Image Analysis
Single images acquired via the frame capture board
were analyzed with the Vision Builder module of
LabView (National Instruments) for image correla-
tion and spray mode analysis. Additional image
analysis, correlation, and contrast enhancement was
carried out with the freeware Java application ImageJ
(http://rsb.info.nih.gov/ij/) on a G3 Macintosh (Ap-
ple computer, Cupertino, CA). Images used in Fig-
ures 2, 4, and 5 were optimized for contrast and
brightness with black and white printing.
light (Columns 2–4) image strobe sequences (1
e spray mode for each sequence is indicated on
per left hand corner of the scattered light image
age sequences is inset in the upper right hand
ode frequency of oscillation is inset in the lower
he transmitted light image in sequence (d) was
trigger was possible. The emitter diameter was
Acid pumped at 250 (a–e) and 580 (f) nL/min.
le bar in (a) is 75 m.itted
es. Th
the up
ed im
dic m
ge. T
trobe
cetic
e sca
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Mass spectral data was acquired on an LCQ Deca ion
trap mass spectrometer (ThermoElectron Corp., San
Jose, CA) fitted with a standard PV-500 nanospray
source (New Objective, Inc.). Imaging of the spray
plume required modification of the inlet capillary. The
mass spectrometer inlet was modified with the addition
of an in-house constructed capillary inlet extender. A 2
in. long by 0.020 in. i.d. stainless steel tube was fitted to
the end of the conventional heated capillary inlet using
a gas-tight, swage and ferrule adapter. The internal
mating surfaces of the adapter were precision bored
providing i.d. alignment of better than 0.001 in. Total
and selected ion currents were approximately 60% of an
equivalent spray without the extender in place.
Continuous infusion experiments were conducted by
delivering sample from a 500 nL gastight syringe (Ham-
ilton Co., Reno, NV) via the syringe pump. A Tee-based
flow splitter, capable of generating two different split
ratios, was placed between the pump and the nanos-
pray source [39]. The side arm split of the Tee was fed
to a two position multi-port switching valve (VICI
Valco Instruments Co., Houston, TX). Each valve outlet
was fitted with a 20 m i.d. restriction capillary. When
the nanospray source was fitted with a 75 m  10 cm
nanobore C18 column with a 15 m fritted tip (New
Objective, Inc.), the restrictor lengths were adjusted to
yield through column flow rates of 50 and 700 nL/min
with the primary pump operating at a flow rate of 2.5
L/min.
The angiotensin standard was prepared in 10 and
70% acetonitrile (0.1% formic acid) solutions at a con-
centration of 50 femtomole/microliter/peptide (50 nM).
Full scan mass spectra were acquired continuously for
each mobile phase composition while switching the
splitter valve from the high- to low-flow positions every
30 s. Spectra were acquired at two different emitter
(spray) potentials for each mobile phase data set. Spec-
tra were analyzed and summed for total and selected
ion currents for (M  H)1, (M  2H)2, and (M 
3H)3 ions for each analyte. Scattered light images of
the spray plume were acquired with a CCD equipped
microscope as described above.
Results and Discussion
Strobed Light Illumination and Spray Mode
Characterization
The number of spray modes for a given tip geometry,
mobile phase composition, and flow-rate were investi-
gated and observed with continuous scattered (dark-
field) and strobed (transmitted) light illumination.
Strobed image sequences afford unambiguous determi-
nation of spray mode by providing direct characteriza-
tion of pulsed spray modes. The objective of using
multiple illumination techniques was to correlate image
features observed in strobed illumination sequences toscattered light images. Scattered light images were
chosen for the basis of automated system development
because these images provide both direct viewing of the
spray plume and high contrast suitable for quantitative
image analysis.
Figure 2 shows a summary of the dominant spray
modes observed for a typical mobile phase (50% meth-
anol, 1% acetic acid) at a flow rate (250 nL/min) that is
a good match for the emitter diameter (15 m). The flow
rate, composition, and emitter to counter-electrode ge-
ometry were fixed in Figure sequences 2a through e.
The flow rate was increased by two fold, to approx. 580
L/min in Figure sequence 2f. The applied voltage was
initialized at 800 volts (2a) and increased in 20–50 V
increments until a change in spray mode was observed.
Differences in pulsation frequency or spray mode were
observed with voltage changes as small as 1% (25 V).
With established spray mode definitions [22, 29], a
typical 15 m i.d. emitter yields the following spray
modes when operated within an “optimal” (200–300
nL/min) range and a mobile phase of 50% methanol:
dripping, micro-dripping, spindle, oscillatory (pulsed)
cone-jet, stable cone-jet, and multi-jet. Operation of the
same emitter at a higher (500–600 nL/min) flow rate
added new spray modes (multi-spindle and ramified
jet) and eliminated others (stable cone-jet). Many of the
spray modes were oscillatory and exhibited highly
periodic behavior over a wide range of frequencies (0.1
Hz to 100 kHz) A trigger pulse for strobed illumination
for the stable cone-jet spray mode could not be gener-
ated; continuous LED illumination was substituted in
Figure 2d. No significant differences were observed
between strobed illumination (with a freely running
external trigger) and continuous illumination images
for the stable cone-jet.
At low applied voltage, the dripping and micro-
dripping spray modes were the dominant spray modes.
Droplets were relatively large, with an initial diameter
that is close to, or larger than, the diameter of the
emitter. In the Figure 2a sequence, leading and tailing
droplets have an approximate diameter of 20 and 5 m
respectively. As the applied voltage was increased,
droplet diameter decreased as frequency increased. In
these two spray modes, no aerosol plume is observed.
Furthermore, mass transfer of mobile phase off the
emitter is often incomplete; a significant portion of
liquid can remain in contact with the tapered portion of
the emitter.
Observed spray modes with a distinct aerosol plume
included the spindle, pulsed cone-jet, cone-jet, multi-jet,
and multi-jet/ramified-jet. The spindle and pulsed
cone-jet spray modes are notable and yield Taylor
cone-jet formation with a fractional duty cycle; Figure
2b and c provide direct observation of this behavior.
Instability between surface tension, which drives to
minimize surface area, and electrostatic repulsion, cre-
ates this oscillatory behavior [34]. When the voltage was
increased by approximately 100 V beyond the micro-
dripping range, the spindle spray mode resulted. This
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large (1–5 m) droplets in addition to the cone-jet
plume. These larger droplets pinch off the end of the
elongated cone when it collapses (Figure 2b). The duty
cycle of the cone-jet formation with this spray mode has
been observed to be as low as 10%, with duty cycle and
oscillation frequency increasing as applied voltage is
raised. A further increase in voltage eliminated the
formation of the larger droplets altogether and resulted
in the pulsed cone-jet spray mode. This spray mode
(Figure 2c) was characterized by transient cone-jet for-
mation over a wide frequency range (20 to 100 kHz). A
continued increase in voltage resulted in a stable cone-
jet (Figure 2d). Tuning for a stable cone-jet spray mode
was only possible when flow rate was between 100 to
300 nL/min. A further increase in voltage resulted in
the multi-jet spray mode (Figure 2e) in which multiple
cone-jets formed on the emitter. Such multiple jets can
form simultaneously (Figure 2e) or alternately pulsing
from jet-to-jet (Figure 2f). The oscillation frequency for
the multi-jet spray mode was observed to be in excess of
100 kHz. An increase in the flow rate to ca. 500 nL/min
resulted in the multi-spindle spray mode which pre-
vented the formation of the stable cone-jet over the
entire range of applied voltage. At higher flow rates a
further increase in voltage resulted in the transforma-
tion from the multi-spindle to the ramified-jet spray
mode in which daughter cone-jets form in a fractal
fashion along a central liquid jet [22].
The fundamental frequency of oscillation (in the
lower right hand corner of each image) was indepen-
dently measured with the laser/photodiode/oscillo-
scope combination. Figure 3a shows example oscillo-
scope traces for selected oscillatory spray modes
observed in Figure 2. Frequencies ranging from 860 Hz
Figure 3. Oscilloscope waveforms (a) and fr
emitters. X 15 m tip @ 250 nL/min, open circ
tip @ 400 nL/min. The oscilloscope waveform
nL/min. Mobile phase composition was 50%
electrode was 4 mm.for the dripping spray mode, to 102 kHz for the pulsed
cone-jet spray mode, were observed. The hundred
kilohertz frequency range is significantly higher range
than low kilohertz frequencies reported elsewhere [34,
35]. This result may in part be due to differences in
emitter geometry and flow rate. Increasing the flow rate
from 250 to 580 nL/min (Figure 3b) has a profound
effect on pulsation frequency. The oscillation frequency
for the pulsed cone-jet spray mode, for example, drops
from approximately 100 kHz at 250 nL/min to a 20–50
kHz range at 580 nL/min. In addition, substituting an 8
m tip (at an intermediate flow rate of 400 nL/min)
resulted in a 60–80 kHz pulsed cone-jet with a the
spindle spray mode frequency of 30 kHz. Frequency
components in excess of 300 kHz have been observed
with a 5 m diameter emitter for flow rates between
50–100 nL/min. Smaller tips and lower flow rates tend
toward higher pulsation frequencies for both the spin-
dle and pulsed cone-jet spray modes. Higher natural
pulsation frequencies would appear to be desirable for
ESI-MS [35] since spray modulation is pushed well
above the millisecond time scale.
Correlation of Spray Mode in Scattered Light
Images
As shown in Figure 2, there are distinct features of each
spray mode in the scattered light image that can be
explained by corresponding strobe images. For exam-
ple, a high contrast, white line (defined as a “stream
line”) is observed (Figure 2b and Figure 4) against a
weaker plume background. When a strobe image is
digitally superimposed over the scattered light image
(not shown), the white line of the reflected light image
corresponds to the edges of the larger droplets pinching
cy versus voltage data (b) for two different
15 m tip @ 580 nL/min, open triangle  8 m
e recorded for the 15 m tip operated at 250
anol, 1% acetic acid. Distance to the counterequen
le 
s wer
meth
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produced at greater than 10 kHz, the video camera
captures only a blurred line or lines that correspond to
the edges of the larger droplets. Table 1 summarizes the
salient features observed in scattered light images for
the commonly observed spray modes. Figure 4 shows
scattered light spray images at a lower magnification
and demonstrates the persistence of the larger droplets
through the plume. These droplets were observed to
impact and collect on the side of the inlet capillary
counter electrode. Spray mode identification and clas-
sification was performed by correlation of the high
magnification reflected light and strobe sequences (Fig-
ure 2) with the low magnification scattered light spray
images (Figure 4). These reflected light image observa-
Figure 4. Spray modes observed at low ma
nanospray equipped ion trap mass spectrometer
0.1% formic acid flowing at 300 nL/min. The a
corner of each frame. The spray mode (C cone-
S  spindle) is indicated by the (red) letter in th
Table 1. Image features of commonly observed spray modesa
Spray mode Jet region observed
Dripping/Microdripping No
Spindle Yes
Pulsed Cone-jet Yes, w/possible
width increase
Stable Cone-jet Yes
Multi-jet Yes, multiple
Multi-spindleb Yes, multiple
(Multi) Ramified jetc Yes, multiple,
Length Extended
aSummary of multiple spray mode observations made with emitter dia
L/min, applied voltage of 500 to 5,000 V, and mobile phase composit
bObservable only with low (50%) organic co-solvent at overdriven flo
cObservable when heavily overdriving flow rate for a given emitter diations (Table 1) form the basis of an automated image
analysis and voltage control algorithm.
Observations made with strobed LED illumination,
in combination with standard (30 Hz) video acquisition,
has limitations. LED illumination was insufficient to
capture the weak refraction of (sub)micrometer plume
droplets, although the critical cone/jet region was readily
observed. This system can only observe periodic features
of spray morphology; non-repetitive events are lost.
Strobed images captured here can only record those image
features that repeat on each trigger provided by the
photodiode. The time required to acquire a single image
frame, composed of two fields with a 2:1 interlace is ca.
0.03 s. Each horizontal line of the image requires 63.5 s
[40]. This relatively slow image acquisition typically
ation with scattered light on a conventional
tip size is 15 m. The mobile phase is 30% ACN,
d voltage is indicated in the lower right hand
 dripping, Mmulti-jet, P pulsed cone-jet,
per left hand corner of each frame.
Plume observed Stream lines observed
No Yes, possibly multiple
Yes Yes, single
Yes No
Yes No
Yes, multiple No
Yes, multiple Yes, always multiple
Yes, multiple No
rs that range from 5 to 30 m in diameter, flow rates of 50 nL/min to 2
f 2% to 98% organic co-solvent.
tes.
r (e.g. operating a 15 m emitter at 1-2 L/min).gnific
. The
pplie
jet, D
e upmete
ion o
w ra
mete
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image frame. In effect, each image frame is a multiple
exposure. Image features not present upon successive
LED flashes will have insufficient contrast to be re-
corded. Because periodic image features yield persis-
tent contrast on each LED flash, the images are readily
recorded at the standard video rate, and in fact, are
even suitable for direct viewing with the human eye.
Figure 5. Effect of mobile phase composition on
(0.1% formic acid) is indicated above each colum
The spray mode is labeled in the lower left han
M  multi-jet, P  pulsed cone-jet, S  spindle)
diameter was 30 m; the flow rate was approx
was 4.5 mm.Effect of Mobile Phase Composition
The effect of a reverse phase LC experiment on electro-
spray morphology and spray mode is considerable
given the wide variation in surface tension and viscos-
ity [41] for the typical 5 to 95% ACN gradient. Figure 5
illustrates the dramatic effect mobile phase composition
has on electrospray onset voltage and spray mode. The
y mode for a fixed flow rate. Percentage of ACN
plied voltage is indicated on the left hand side.
ner of each frame (C  cone-jet, D  dripping,
ltiple letters indicate mixed modes. The emitter
ly 500 nL/min. The counter-electrode distancespra
n. Ap
d cor
. Mu
imate
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characterized for three different mobile phase com-
positions (5, 50, and 95% acetonitrile, 0.1% formic
acid, respectively) at a calibrated flow rate. The
threshold voltage for plume formation drops from
the relatively high value of 2300 V at 5% ACN to 1700
and 1400 V (not shown) for 50 and 95% ACN, respec-
tively. A voltage observed to generate a stable cone-jet
spray mode at 50% ACN (2100 V) generated no plume for
5% ACN and a chaotic multi-jet spray mode at 95% ACN.
A fixed applied voltage is insufficient to maintain the most
desirable spray mode or modes (spindle, pulsed cone-
jet, cone-jet) throughout the gradient. The typical ap-
proach used in this situation is to tune for an optimal
spray at a composition of greatest chromatographic rele-
vance (e.g., 20–30% ACN for peptide analysis) or to use
some form of pneumatic assistance to normalize droplet
generation. Either approach represents a compromise
from optimal ESI conditions. An alternative solution is
to vary a controllable parameter such as voltage, emitter
to counter-electrode distance, or flow rate, so as to
maintain a desirable spray mode or modes throughout
the run.
Figure 6. Summed selected ion current (SIC) f
molecular ions for a mixture of five angiotensin
mixture was sprayed through a 75 um i.d. colum
Mobile phase was delivered by a syringe pum
column flow ratae of 50 or 700 nL/min. The flow
every 30 s. For each composition, the experimen
Total SIC; mobile phase composition of 10% ACN
and 2800 V (blue). (b) Total SIC; mobile phase c
voltages of 1300 V (red) and 3000 V (blue). Resu
intensity equal to 8.3E7 counts. The emitter posObservation of Mass Spectral Data Quality and
Spray Mode
The results of an initial study to observe potential
impact of spray mode on ion current and MS data
quality are shown in Figures 6, 7, and 8. Preliminary
observations demonstrated that spray mode effects are
difficult to observe at high analyte (M) concentration
for peptides and suggested the exploration of effects at
both low flow rate and low concentration. The peptide
standard mixtures were prepared at a concentration (50
nM) above, but near to, the concentration limit of
detection for spraying by continuous infusion.
The summed, selected ion signals for the flow rate
switching experiment are shown in Figure 6. The se-
lected ion current for the fifteen relevant [MH]1, [M
 2H]2 , and [M  3H]3 molecular ions (see Figure 6
caption) were summed from the full scan mass spectra.
A mobile phase composition of 10% ACN with a flow
rate of 50 nL/min yielded approximately 56 and 67% of
the signal obtained at 700 nL/min for applied voltages
of 2800 and 2100 V, respectively. A mobile phase
composition of 70% ACN with a flow rate of 50 nL/min
teen (M  H)1, (M  2H)2, and (M  3H)3
iants at a concentration of 50 nM/peptide. The
m i.d. fritted emitter by continuous infusion.
switchable flow splitter to deliver a through
switched from 50 to 700 nL/min approximately
s repeated at two different emitter voltages. (a)
% formic acid); emitter voltages of 2100 V (red)
osition of 70% ACN (0.1% formic acid); emitter
or (a) and (b) are plotted identically with 100%
was fixed for all experiments.or fif
var
n/15
p and
was
t wa
(0.1
omp
lts f
ition
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tained at 700 nL/min for applied voltages of 3000 and
1300 V, respectively. The change in molecular ion
intensity at high and low flow rates correspond to
different spray modes observed at high and low volt-
ages. Although simple summation does not take detec-
tor efficiency differences for multiply charged ions into
account, the data strongly suggests the source exhibits
mass flow sensitivity when the flow rate is dropped to
50 nL/min. This apparent mass flow sensitivity at 50
Figure 7. Representative full scan mass spect
generate the SIC data presented in Figure 6a. Ea
scans recorded for each flow rate and emitter v
shown in the inset. (a) Flow rate of 50 nL/min w
of 700 nL/min with emitter voltages of 2100 and
the spray image indicates the spray mode obse
multi-spindle, R  ramified jet). The (M  H)
denoted with 1, 2, 3, respectively; A den
spectrum is shown to the left of each plume imnL/min is minimized, or in the case of 70% ACN is
virtually eliminated, at the lower applied spray poten-
tials when the stable cone-jet mode is observed.
Figures 7 and 8 show representative full scan mass
spectra for each mobile phase composition and flow
rate along with the recorded spray plume image. Con-
siderable differences in ion current, S/N, adduct forma-
tion, and charge state distribution were observed. The
highest quality spectra (Figure 7) with the best S/N
were recorded at 2100 V for both 50 and 700 nL/min
the angiotensin mixture (10% ACN) used to
ass spectrum shown is the sum of 10 individual
e. The spray plume image for each spectrum is
itter voltages of 2100 and 2800 V. (b) Flow rate
V. The letter in the upper right hand corner of
(S  spindle, P/M  pulsed multi-jet, M/S 
 2H)2, and (M  3H)3 molecular ions are
adducts. The base peak ion intensity for eachra of
ch m
oltag
ith em
2800
rved
1, (M
otes
age.
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modes respectively, at 10% ACN. At 70% ACN, higher
quality spectra (Figure 8) were recorded at 1300 V at 50
and 700 nL/min, corresponding to the cone-jet and
spindle modes respectively. The poorest quality mass
spectra with both reduced S/N and greater adduct
formation were observed for the pulsed multi-jet and
multi-jet spray modes. The [M  H]1 molecular ions
were not observed with spectra acquired in multi-jet
modes at the low flow rate. The highest quality spectra
Figure 8. Representative full scan mass spect
generate the SIC data presented in Figure 6b. Ea
scans recorded for each flow rate and emitter v
shown in the inset. (a) Flow rate of 50 nL/min w
of 700 nL/min with emitter voltages of 1300 V a
of the spray image indicates the spray mode obse
 multi-ramified jet). The (M  H)1, (M  2H)
1, 2, 3, respectively; A denotes adducts. Th
to the left of each plume image.were observed with the spindle, multi-spindle, and
stable cone-jet modes. The cone-jet mode also corre-
sponded to the only case where mass flow sensitivity
was not a significant factor at low flow rates.
Automated Orthogonal Control
The orthogonal illumination and imaging system (Fig-
ure 1) generates signal for a feedback loop comprised of
a analysis and control algorithm that adjusts applied
the angiotensin mixture (70% ACN) used to
ass spectrum shown is the sum of 10 individual
e. The spray plume image for each spectrum is
itter voltages of 1300 and 3000 V. (b) Flow rate
000 V. The letter in the upper right hand corner
(C scone-jet, Mmulti-jet, S spindle, M/R
d (M  3H)3 molecular ions are denoted with
e peak ion intensity for each spectrum is shownra of
ch m
oltag
ith em
nd 3
rved
2, an
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maintained. The analysis is based on empirical image
characterization and feature measurement for spray
mode determination. The strategy for automated feed-
back and control is to make quantitative image mea-
surements following the observations summarized in
Table 1 for a priori determination of spray mode.
Spray mode determination is based on image mor-
phology using edge detection and location within pre-
defined areas surrounding the emitter and are referred
to as regions-of-interest (ROI). Four linear (one-dimen-
sional) ROI zones are established with strategic posi-
tions located perpendicular to the emitter tip (Figure 9).
Zone one is positioned to probe the area corresponding
to the cone-jet transition. Zone two, positioned farther
away from the emitter but close to zone one, probes the
middle of the jet region. Zones one and two provide
information about the presence of liquid discharge from
the tip and establish the number of jets or streams
emitted. Zone three is positioned along leading edge of
the aerosol plume and distinguish large droplet emis-
Figure 9. Geometry of the four region-of-interest (ROI) zones
used by the image analysis algorithm. The values of L1 through L4
were 95, 195, 780, and 1655 m respectively, for the 30 m
diameter emitter used in the example.
Table 2. Region of interest (ROI) image features of the common
Spray mode Zone 1 no. edges Zone 2 n
Dripping/micro-dripping 2 (or 4) 2
Spindle 2 2
Pulsed cone-jet 2 2
Stable cone-jet 2 2
Multi-jet 2 2
Multi-spindle 2 or 4 2
aZone analysis of the zones established in Figure 9 for spray modes e
diameter. This table does not take into account an overdriven tip and
bDistance between dark-to-light and light-to-dark edge pairs.
cX is a criterion distance which is typically on the order ot 3-5 times th
dIND  indeterminate.sion and plume formation. Zone four is placed two-
thirds along the length the observable plume and
confirms the presence of large droplet emission through
detection of stream lines. Because the shape of the
plume will be influenced by flow rate and emitter/
source geometry, the optimal choice of ROI location will
vary. For this study, the distance from the emitter tip
(L1–L4) was 95, 290, 875, and 1750 m for zones one
through four, respectively. A one-dimensional edge
detection scheme, similar to a first-order derivative
operator [42], is based on the pixel intensity difference
between background and foreground combined with
the slope of the transition. This scheme determines the
location and number of edges within each zone. Table 2
summarizes the number of edges and distance criteria
found in each ROI zone for the common spray modes.
A control algorithm that uses a conditional logic scheme
based on edge number and edge criteria is used to
adjust applied voltage to maintain desirable spray
modes. In this scheme, the detection of dripping or
spindle spray modes cause the applied voltage to be
raised, while multi-jet or multi-spindle spray modes
cause the voltage to be lowered. If a stable cone-jet, or
pulsed cone jet is detected, then the voltage is left
unchanged. The voltage is typically changed in 50 V
increments, which typically provides stable transitions
between spray modes. The cone-jet and pulsed cone-jet
spray modes are thus approached from either under- or
over-voltage conditions over a discrete number of im-
age acquisition and analysis cycles., As many as 50
cycles may be required to reach sufficient voltage for a
cone-jet spray mode with initial spray modes that are
far from optimal, such as the dripping spray mode. As
few as two to three cycles are sufficient to generate a
cone-jet spray mode for spray modes close to optimal,
such as the spindle spray mode. The conditional logic is
easily modified so as to maintain other modes, such as
controlling the number of jets in the multi-jet spray
mode. Furthermore, the system incorporates an auto-
mated start-up procedure in which the emitter is
brought from a non-spraying to spraying condition.
This automated start-up is accomplished by incremen-
y modesa
dges
Zone 3 Zone 4
no.
edges distanceb
no.
edges distance
2 (or 4) Typ.  Xc 2 (or 4) X
2 X 2 X
2 X INDd IND
2 X IND IND
2 X IND IND
4 X 4 X
tered with an optimal or nearly optimal flow rate for a given emitter
not include all possible spray modes or mixed spray modes.
ue of the tip diameter.spra
o. e
(or 4)
or 4
ncoun
does
e val
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until liquid emission is detected in zones one and two.
After the detection event, control switches to the algo-
rithm described above.
To test performance of the system with changes in
mobile phase flow rate, a 30 m i.d. tip was connected
to the syringe pump delivering mobile phase (aqueous
solution of 50% methanol, 2% acetic acid) at a flow rate
between 100 nL/min to 2 L/min. After starting liquid
flow at an initial rate of 250 nL/min, the computer
system was initialized to automatically establish liquid
emission. The applied voltage was initially set to 1000 V
and the first image was acquired. If no edges were
detected in zones one and two, the voltage was auto-
matically increased by 200 V and another image was
acquired. This process was repeated until two edges
were established in zones one and two. After the
start-up phase, the algorithm switched to analyze all
four zones. The system acquired and analyzed images
at a rate of approximately 3 Hz. The voltage was
adjusted in 50 V increments to maintain the conditions
for desirable spray modes. With the tip positioned
approximately 5 mm from the ground plate, a stable
spray was established and maintained at 1400 V.
When the pump flow rate was increased to 2 L/
min, an automated increase in the applied voltage was
observed. As the flow rate increased, the spray mode
distinctly changed from cone-jet to spindle, and gener-
ated distinct edges in zones three and four. The algo-
rithm automatically raised the applied voltage by 50 V
for each image acquired in the spindle mode. After
approximately 30 s of acquisition, the voltage was
raised to 2100 V. The large droplets were no longer
detected in zones three and four and the plume re-
turned to the cone-jet or pulsed cone-jet spray mode.
A decrease in flow rate resulted in an automated
decrease in operating voltage. As the flow rate was
reduced to 100 nL/min, the single cone-jet transformed
to the multi-jet spray mode. The algorithm automati-
cally decreased the applied voltage by 50 V for each
image frame where additional edges in zones one and
two were detected. After approximately 4 min, the flow
rate stabilized. The operating voltage was reduced to
1600 V, and the cone-jet or pulsed cone-jet spray mode
returned.
To test system performance for gradient chromatog-
raphy, the syringe pump was replaced with the split
flow gradient LC system to yield a flow rate of 450 
100 nL/min and a 30 m emitter was mounted on the
source. The gradient was initialized with an aqueous
solution of 10% ACN increased to 90% ACN over a 10
min period. The composition was held at 90% for 2 min
and then reduced to 10% ACN for another 10 min
gradient. Before the start of the gradient, the flow rate
was allowed to equilibrate with 10% ACN. The com-
puter control system was initialized and a pulsed
cone-jet/cone-jet spray mode was automatically estab-
lished at 2100 V. As the mobile phase changed compo-
sition to a higher percentage of ACN, the reduction insurface tension caused the multi-jet spray mode to
transiently form (Figure 10b). The (pulsed) cone-jet-to-
multi-jet spray mode transformation could form at any
given point during the gradient. This transformation
resulted in the detection of more than two distinct
edges in zones one and two. With each resulting image,
the applied voltage was automatically reduced by 50 V.
The voltage was reduced until the (pulsed) cone-jet
mode was re-established. As the mobile phase compo-
sition changed, the spray resided in the (pulsed) cone-
jet spray mode(s) for more than 90% of the time and
occupied the multi-jet spray mode periodically for a
limited number of image cycles. At the end of the first
gradient (90% ACN) a stable cone-jet spray mode was
maintained at 1500 V for two min. As the gradient
reversed back to 10% ACN, the spindle spray mode
would periodically appear and the algorithm automat-
ically raised the applied voltage in 50 V increments for
each resulting image. At the end of the run, a pulsed
cone-jet mode was obtained with the applied voltage
ranging between 2200 to 2500 V. The system was tested
at different gradient conditions, and nearly identical
performance was obtained with 3 to 30 min gradients.
Given the relatively low bandwidth (3 Hz) of the
orthogonal system, control was occasionally lost for
special cases when spray mode instabilities, such as
spray mode hopping, were present on a similar time-
scale. Such events can result in feedback instability.
Under such conditions, the system’s spray mode deter-
mination may not represent the instantaneous, real-
time mode at the emitter. For the above example, loss of
spray could occur just after the spray start cycle when
spraying 10% ACN. When using a 30 m emitter under
these conditions, a naturally oscillating mode hop,
between multi-spindle and micro-dripping spray
modes, was occasionally present with an oscillation
frequency of ca. 0.5 Hz. If the control system acquired a
multi-spindle image (indicating the applied voltage was
too high) and the voltage was subsequently lowered at
the instant when the dripping mode was present, the
spray was lost altogether. Substituting a smaller, 15 m
emitter eliminated this mode hopping behavior. Since
mode hopping has been observed as a typically low
frequency (approximately 0.1 to 1 Hz) event, improved
analysis bandwidth should reduce this tendency.
The automated orthogonal control system described
in this study can be significantly enhanced in a number
of ways. The present system offers poor discrimination
between the stable and pulsed cone-jet modes because
their reflected light images are so similar. This defi-
ciency can be eliminated in two ways: Either by use of
strobed light images in addition to reflected light, or by
the integration of a frequency channel into the control
computer. Frequency information provided by the la-
ser/photodiode/oscilloscope system would prove par-
ticularly suitable. This hybrid image/frequency system
would eliminate weak mode discrimination and pro-
vide identification of mixed mode and mode hopping
conditions. System response could be improved (for
1214 VALASKOVIC ET AL. J Am Soc Mass Spectrom 2004, 15, 1201–1215repetitive chromatographic experiments) with the im-
plementation of a learning algorithm that would run
freely during the first gradient, storing a voltage profile
for the experiment. Subsequent experiments would be
based on the stored voltage profile, with the control
system providing any necessary corrections for known
or unknown changes in experimental conditions.
Repetitive experiments may also enable an approxi-
mation of results provided by the automated system. A
suitable spray voltage could be determined manually,
building a time course versus voltage relationship for
each relevant section of the gradient. The applied volt-
age change(s) should provide reasonable control of
spray mode, provided that the gradient delay from
column-to-emitter is both stable and well characterized.
However, an indeterminate spray mode that includes
the possible loss of spray altogether would result from
changes in mobile phase flow rate, gradient composi-
tion, column backpressure, emitter-source geometry, or
pre-column volume.
Conclusions
A wide variety of spray modes have been observed
for electrospray using image analysis with both re-
Figure 10. Single frame images obtained from
pumped at ca. 450 nL/min. Applied voltage is in
(a) 10% ACN; (b) 20–30% ACN shows transien
condition; (c) 20–30% ACN after voltage correcti
end of the gradient, 90% ACN. The arrow notes
vertical line represents the ROI zone. The yellow
(if any). The counter-electrode distance was 4.5flected and strobed light illumination. Unlike the well
known Taylor cone-jet spray mode, many of these
modes are pulsed and/or oscillatory and have rou-
tinely observed fundamental frequencies of 50 kHz or
more. Spray mode generation and control is very
sensitive to the electric field strength surrounding the
emitter and is commonly controlled through the
applied spray potential. Based on these image obser-
vations, an automated orthogonal opto-electronic
system capable of determination and control of spe-
cific spray modes has been developed. Through con-
trol of the applied potential, this system automati-
cally initiates an ESI spray and maintains optimal
spray conditions throughout an aqueous chromato-
graphic gradient. The automated system can respond
to changes in flow rate, mobile phase composition, or
both simultaneously. Such a system requires no user
intervention and affords the opportunity for ex-
tended, unattended analytical experiments at nanos-
pray flow rates. The improvement of the orthogonal
system, including the use of frequency information in
the control algorithm along with its subsequent inte-
gration into a nanospray equipped mass spectrome-
ter, is under development.
tomated control gradient with a 30 m emitter
ed in the upper right hand image of each frame.
ltiple streams that result from an over-voltage
pproximately 15 image cycles after (b); (d) at the
itional edges detected in ROI zone 1. Each blue
on each line show the location of detected edgesthe au
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